A model for gross photosynthesis of a hedgerow crop was developed. Diffuse and direct light distribution and absorption were calculated by taking account of scattering and reflection. Leaf photosynthesis was calculated from absorbed light and integrated over the row. The model can describe different row geometries, vertical leaf area density distributions and leaf angle distributions. For path widths < 30% of the row height, simulation results showed that light absorption and crop photosynthesis under diffuse light are little reduced compared with a closed canopy. The effect of the vertical distribution of the leaf area density on row crop photosynthesis was sinall. The edge effect in a homogeneous field crop was studied as a special ·geometric situation. Daily totals of row crop photosynthesis were found by integration over the diurnal curve and were calculated for different latitudes. ·
INTRODUCTION
In most crop growth models, light penetration and absorption are calculated in horizontally homogeneous canopies to assess the rate of crop photosynthesis or the efficiency of conversion of intercepted light into dry matter. The assumption that the crop is horizontally homogeneous may cause large errors in estimating crop growth when individual plant canopies are arranged in distinct rows, e.g., in orchards or during early growth of a crop. This situation occurs particularly in greenhouse crops because they require ready access during the early growth and production stage.
Most models for crop photosynthesis which account for row structure concentrate on the relative amount of light that is intercepted. Some of these models assume the row cross-section to be ellipsoidal (Charles-Edwards and Thorpe, 1976) or an array of ellipsoidal sub-canopies randomly distributed in the row (Mann et al., 1980; Whitfield, 1986) . Others assume a triangular or rectangular cross-section of the rows (Allen, Jr., 1974; Rabbinge, 1976; Goudriaan, 1977; Palmer, 1977; Jackson and Palmer, 1979; Mutsaers, 1980) .
The distribution of light in row crops was calculated by Goudriaan ( 1977 Goudriaan ( ), A cock et al. ( 1978 and Jackson and Palmer ( 1981) , considering only a few of the aspects of light penetration into a canopy. Norman and Welles (1983) developed a general and extensive model for the penetration of radiation in individual ellipsoidal plant canopies that can be variously spaced.
The present study is primarily intended for application to greenhouse row crops. In greenhouses, optimization of the environment for crop growth and development is possible and can be based on (among others) continuous assessment of the rate of crop photosynthesis.
Present row models have limited applicability for this application, as usually they do not handle the following aspects of light penetration in a row crop: distribution of diffuse and direct light, reflection, multiple scattering and absorption by leaves. In other cases, the models are too cumbersome and computations too numerous for practical application in dynamic control of the greenhouse climate.
Therefore, in this study, a model was developed that calculates the distribution and absorption of direct and diffuse light, reflection and multiple scattering with relatively simple computational schemes. Since only visible radiation is important for photosynthesis, a short cut was possible by using existing equations for multiple scattering in horizontally homogeneous canopies. The equations were used inside the rows, but interactions between rows were neglected. Calculation of radiation absorbed by the leaves provided a direct connection with leaf photosynthesis. Spatial integration of leaf photosynthesis was performed to obtain canopy photosynthesis. A hedgerow configuration was chosen to describe the most significant clumping pattern of leaves in most row crop canopies and to avoid complicated geometrical calculations. Various crop characteristics such as vertical leaf area density distribution, leaf angle distribution and row geometry can be accounted for by the model, so that a large variety of crop situations can be described. Crop photosynthesis was computed either from a given time course of radiation or from the daily total of radiation.
METHODS

Diffuse and direct light
The fraction of diffuse global radiation ( 400-3000 nm, W m -2 ) at any time of the day was calculated on the basis of the ratio between actual global radiation and extra-terrestrial radiation . Generation of the diurnal course of total, direct and diffuse global radiation from the daily global radiation was also carried out as described by Spitters et al. (1986) . Calcula-tion of the extra-terrestrial radiation and solar position was based on data of latitude, day of year and hour of the day. Photosynthetically active radiation (PAR, 400-700 nm) was assumed to be 50% of global radiation.
Geometry
The rows of the crops were assumed to be hedgerows, i.e., they had a rectangular cross-section, called here the xz-plane, and were continuous in the longitudinal direction (the y direction). The coordinate system as described by Goudriaan ( 1977, Chapter 2.4 .4) was adopted here (Fig. 1) . In this coordinate system ac and Pc can be computed by sin p =co sac cos Pc sinPc =cosacosp
where p is the angle of the light beam with the horizontal, Pc the angle with the xz-plane, a the difference between row azimuth (angle of row direction with north-south direction) and beam azimuth, and ac the angle of tilt of the plane through the light beam andy-axis.
The length of the horizontal component in the xz-plane (Fig. 2 ) is equal to
where z is the distance to the top of the row. A residual term, Xr, is equal to the remainder of the total distance x + Xhor minus the largest whole number of units (path+row)
where WP and Wr are the widths of the path and the row, respectively, and xis the distance from the left side of the row. The integer number of units of (path +row) traversed (Nu) is equal to
Then the path length through the rows only (P' n Fig. 2 ) is equal to, for Xr ~ Wr (6) and for Xr > Wr
For generalization outside the xz-plane, the values of P' r must be divided by cosPc Pr =P' rfcosPc (8) The leaf area traversed by the beam is thus equal to (9) where Ld is the leaf area density (m 2 m-3 ) of a row with uniform leaf area density distribution. For a non-uniform distribution, Lt is the sum of the leaf area densities of the canopy layers traversed by the light beam.
Lt=PrLd
The distribution of the light absorption in the row crop is only determined by the relative dimensions of the rows. Therefore, in the simulation results the row width will be expressed as a ratio to row spacing, and is called the relative row cover. The row height will be expressed as a ratio to the row spacing. The leaf area index (LA!) of the crop is equal to the one-sided surface area of the leaves divided by the total ground area (row plus path). Therefore, decreasing the relative row cover with constant LA! increases the leaf area density within the rows and also the LA! expressed per row area.
Attenuation of light
The attenuation of a single beam by black, i.e., non-transmitting and nonreflecting leaves, was computed according to Beer's law with (10) where I is the light intensity in the plane normal to the light beam at point (x,z) in the row, ] 0 the intensity above the canopy on a horizontal surface, Oav the average projection of the leaves into the direction of the beam and Lt the leaf area traversed by the ray. The division by sin/3 is necessary to obtain the intensity in a plane normal to the beam. The average projection, Oav' of the leaves with a spherical leaf angle distribution is 0.5 in every direction of the light. For horizontal leaves, this projection equals the sine of the angle of the beam with the horizontal (/3). For other leaf angle distributions, the average projection in a certain direction was calculated following the procedure given by Goudriaan ( 1988) . In this procedure, the average projection was calculated with approximating formulae from the relative frequencies of the leaf inclination in the classes 0-30, 30-60 and 60-90°. No azimuthal preference of the leaves was assumed.
Scattering
The attenuation of light by scattering leaves is less than by black leaves. It was assumed that the fractions of light that are reflected and transmitted by a single leaf are equal (Gates et al., 1965; Woolley, 1971) . The sum of these fractions is called the scattering coefficient a and for an average thin leaf is equal to "'0.2 (Gates et al., 1965; Woolley, 1971) . The extinction coefficient of direct light in a horizontally homogeneous canopy for scattering horizontal leaves was obtained by multiplying the extinction coefficient for black horizontalleaves by ( 1-a) 1 / 2 (Cowan, 1968; Goudriaan, 1977) Kdir,h = Kdir, h, 112 ( 11 ) where Kdir,h,bl is the extinction coefficient for black horizontal leaves. Thus for a horizontally homogeneous canopy, the light intensity on the horizontal plane at a point in a canopy with scattering leaves is calculated as
where L is the partial LAI above the point. For other leaf angle distributions, scattering can be appropriately described by multiplying the extinction coefficient for black leaves by the same scattering factor ( 1-a) 112 ( Goudriaan, 1977), thus (13) where Kdir,bl =Oav/sinfi (14) The division by sinP accounts for the increased path length for paths other than vertical.
Reflection by the canopy
The reflection coefficient for horizontal leaves in a closed canopy is
for every direction of the light beam (Cowan, 1968; Goudriaan, 1977) . For a spherical leaf angle distribution, the reflection coefficient can be approximated by
Psph =Phor X2/ (1 +2sinfi) (16) where Psph is the reflection coefficient for spherical leaves and p the angle of the beam with the horizontal ( Goudriaan, 1988) . For the row crop model, it was assumed that the reflection coefficient for any leaf angle distribution is the same for light beams entering from the top of the row as for beams entering from the sides. On average, 6% of the light is reflected.
Intensity and absorption of diffuse light
The net flux of radiation through a horizontal plane (Ih,dif) at point (x,z) is given by 1fn/2 fn/2
where Io,dif is the incoming flux above the canopy and Oav the average projection of the leaves into the direction of the ray. For each direction (fie, ac) separately, the rate of absorption by leaves at a given point in the canopy is equal to the rate of decrease in the direction of the flux ;:_, =l 0 d{ {exp [ -O.vL,(l-a) 112 1} /sinP}/dL,
Then, taking into account scattering and reflection, the absorbed flux of diffuse light was calculated as 1fn/2 fn/2
where Io,dif is the flux of diffuse light at the top of the canopy. Note that for black horizontal leaves, the absorbed diffuse light flux is equal to the light flux on the horizontal plane. Integration was done by calculating the path lengths, attenuations and absorptions of the beams coming from every direction of the hemisphere. The number of calculations could be much reduced by applying the Gaussian integration principle ( Goudriaan, 1986) to the integration over angles of incidence in eq. 19.
The use of a 3-point Gaussian integration requires a smooth curve without sharp bends within the integration interval. To fulfil this requirement, integration was done over segments whose limits were defined by the lines joining the point (x,z) to the corners of the row (Fig. 3) . In this way, the sharp bends in the curve of the response of absorption to angle of incidence were used as interval boundaries.
The numerical problems that occurred at very small row widths were solved by a special model version in which the limit transitions for this situation were taken into account.
Intensity and absorption of direct light
The calculation of the absorption and scattering of direct light followed the same lines of reasoning as the procedures given by Goudriaan ( 1977 Goudriaan ( , 1982 and Spitters ( 1986) for horizontally homogeneous canopies.
Leaf C0 2 assimilation
The gross assimilation rate at a given point was calculated using the photosynthesis-light response curve of individual leaves. The curve used here was Fig. 3 . The delimitation of segments for integration of diffuse light at point (x,z). In each segment, three selected angles of incidence can be chosen for 3-point Gaussian integration.
an a~ymptotic exponential curve, characterized by the initial light use efficiency (E, mg C0 2 J-1 PAR absorbed) and the gross photosynthetic rate at light saturation (Am, mg C0 2 m -2 s -
where I a is the absorbed light flux. The values used in the simulation runs were 0.011 mg C0 2 J-1 PAR for efficiency and 0.91 mg C0 2 m-2 s-1 for the rate of gross photosynthesis at light saturation. These values are typical for C 3 plants under the normal C0 2 content of air.
To find the total gross leaf assimilation rate at a certain point ( x,z), Ash and A 81 must be multiplied by the fraction of sunlit (F 81 ) and shaded (l-F 81 ) leaf area at that point, respectively (21)
Integration of assimilation over row height and width
To find the total gross assimilation rate of the row, assimilation rates can, for instance, be calculated at a lOX 10 grid and summed. A method which reduces the computational load is to integrate with a 5-point Gaussian integration, both horizontally and vertically in the row. Then the assimilation rates need to be computed only at the 25 points of the 5 X 5 grid.
The points (xi,zi) in the xz-plane were selected according to The 5-point Gaussian integration of the rate of leaf photosynthesis proved to have a satisfactory accuracy. When evaluated for a range of LA!s, row geometries and various dates in the year, the calculated rate of crop photosynthesis deviated for most situations by <0.5% from the rate of photosynthesis calculated with a 40 X 40 grid in the row. With a few exceptions, it always performed better than integration with a 10 X 10 grid.
Diurnal and daily photosynthesis
The effect of the row structure on diurnal and daily gross photosynthesis was studied by simulating the diurnal course of the fluxes of total, direct· and diffuse radiation (W m -2 ) for 21 March at various latitudes. At this-date, sunrise occurs at exactly 6 h solar time. The diurnal courses on days with 50 and 75% direct radiation in the daily total were generated using both therelation of daily fraction of diffuse global radiation versus atmospheric transmission, and the average diurnal trend of the atmospheric transmission for de Bilt, The Netherlands, as given by Spitters et al. ( 1986) .
The effect of soil albedo on photosynthesis
The effect of light reflected by the soil surface was calculated in two steps. In the first step, the light intensity distribution on the soil surface was calculated. In the second step, the contribution of this source to the radiation absorption at any point in the row was calculated in the same way as described for diffuse radiation incoming from above.
Validation measurements
The calculation of the diffuse light interception was validated for a young maize crop with distinct rows (LAI = 2.0). Row transects were approximately shaped like upside-down triangles with base length 0.65 m and height 0.8 m, with their lower tips touching the soil surface. The row spacing was 0.75 m. PAR was measured with a point meter (Type 53066, Technical and Physical Service for Agriculture, Wageningen) at "'2 em above the soil.
RESULTS
Unless otherwise stated, the leaf angle distribution was assumed to be spherical and the vertical leaf area density distribution homogeneous.
Absorption and photosynthesis
Absorption of diffuse light by a row crop with a height/ distance ratio of unity was not much reduced compared with a closed crop canopy as long as the relative row cover is > 75% (Fig. 4, Table 1 ). For a relative row cover of 50%, the reduction compared with a closed canopy was significant and ranges from 6 to 13% for LAI = 1 and 3, respectively, at a ratio of height/row spacing of 1, and from 16 to 29% at a ratio of 0.25. Absorption was practically independent of the presence of paths when the ratio of height/row spacing was high enollgh. Below a row cover of <5%, integration of absorption over the row became inaccurate. The absorption at the hypothetical zero relative row cover, as calculated with an adapted version of the model, was only slightly less than at 5% row cover.
The calculated distribution of light absorption for a row crop at LAI = 3 is depicted in Fig. 5 . Near the bottom of the rows, the edge effect was larger than near the top, and was enhanced by reflection by the ground surface. Even at the top of the canopy, the absorption of light per leaf area was < 100% because of reflection and transmission, and because even for black leaves the extinction coefficient for direct and diffuse light was less than unity. Scattering of light significantly reduced the calculated light absorption and rate of photosynthesis (Fig. 6) . The effect on photosynthesis was less than on absorption as increased scattering gives a more equal distribution of light in the rows. The dependence of canopy photosynthesis on row cover was little influenced by radiation level, with row effect slightly decreasing with increasing radiation level (Table 1) . The influence of the vertical distribution of leaf area density on the rate of photosynthesis at diffuse light was small (Fig. 7) . A uniform distribution appeared to be the most favourable, and a leaf area density that decreases from the top of the rows to the bottom was slightly better than the two other leaf area distributions. The effect of increasing soil albedo from 0 to 0.4 on row crop photosynthesis is shown in Fig. 8 . The value of 0.4 is typical for plastics that are used as a ground cover in greenhouses. The effect was significant and was somewhat larger for a row crop than for a closed canopy crop. For relative row covers of > 65%, the rate of photosynthesis was even higher than that of a closed canopy crop. -Spherical -----Horizontal 
Validation
For simulation, a standard overcast sky was assumed with luminance at the zenith three times as large as the luminance at the horizon. The model was adapted to account for the triangular geometry of this crop. Simulation of the light intensity on the soil surface beneath a young maize crop overestimated measured light intensities by _,5% (Fig. 9) . The crop appeared to intercept light somewhat more effectively than calculated. However, the shape of the interception curve is well simulated. The two dips at either end of the simulated curve are caused by the simulated downward pointing tip of the row triangles.
Edge effect in an otherwise homogeneous canopy
By taking the path width very large and the row height small compared with the row distance, the edge of a homogeneous field crop can be simulated. The edge effect on photosynthesis can be shown by the rate of gross photosynthesis per ground area as a function of the distance from the edge (Fig. 10) . At a distance from the edge equal to the height of the crop, the edge effect had practically disappeared. At low LA!, the edge effect was even smaller. The edge effect in a canopy with horizontal leaves extended less far than in a canopy with a spherical leaf angle distribution. direct radiation in the daily total. The LAI = 2.5 and the ratio of row height to row spacing is 1.
Diurnal and daily photosynthesis
The diurnal rate of gross photosynthesis at 21 March at latitudes 0 and 60° for days with 75% direct radiation in the daily total is shown in Fig. 11 . For a crop with rows oriented north-south, a significant depression in the rate of gross photosynthesis at midday hours occurred, dependent on the relative row cover. For rows oriented east-west, the reduction in potential photosynthesis with decreasing row cover was considerably dependent on the latitude, i.e., the solar elevation during most of the day.
Daily photosynthesis of a north-south -oriented crop, relative to the daily photosynthesis of a horizontally homogeneous canopy, was little sensitive to the fraction of direct radiation for 21 March (Fig. 12) . With 2% direct radiation in the daily total, the relative daily photosynthesis was only 2% lower than at 75% direct radiation. Also, for a crop with LA!= 1 the loss of potential photosynthesis hardly varied with different fractions of direct light (not shown). For row crops oriented east-west, the relative daily photosynthesis increased with latitude from 0 to 60°. At 27° latitude, the curves crossed over, so that in the tropics a north-south orientation gave a higher photosynthesis and in the temperate zone an east-west orientation.
DISCUSSION
Simulation results indicated that the row structure caused only a small loss of radiation absorption and of photosynthesis under diffuse light for ratios of path width over row height < 0.3. The loss of photosynthesis under diffuse light was generally less for increasing ratios of row height to row spacing, not only because of less loss of light to the ground, but also because of a more even light distribution. For direct light, absorption and photosynthesis of row crops were little reduced compared with a horizontally ho~ogeneous (fanopy for many possible positions of the sun in the sky. The effect of row structure on absorption and photosynthesis increased with LA!.
Calculations of relative daily photosynthesis for 21 March for various latitudes indicated that daily photosynthesis was especially dependent on the row direction in the tropics. For a crop with row direction east:-west, loss of light to the path can occur during most of the day. At latitudes 30-50 o, the row direction was not important. This was also calculated by Char~es-Edwards and Thorpe ( 1976) for the amount of radiation absorbed by an orchard at Kew (U.K., latitude 52°) with a ratio of row height to row spacing of 0.36 and relative row cover 0.4. In that case, about half of the daily total radiation was diffuse. For row direction north-south, the fraction of direct radiation in the daily total had surprisingly little influence on the daily photosynthesis expressed as a percentage of that of a closed canopy. It seems that the negative effect of less interception at midday hours with higher fractions of direct light is largely offset by the increased interception in the morning and in the afternoon.
In conclusion, the effect of the row structure on light interception and photosynthesis was small when the path width is in the order of ~ 30% of the row height. Calculation of multiple scattering and reflection, and the separation of the light into diffuse and direct were important for an accurate estimation of the rate of row crop photosynthesis. At a soil reflection of 40%, crop photosynthesis was significantly enhanced.
